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ABSTRACT
We have conducted a computer simulation of thermoelectric (TE) properties in tilted Cu=Fe2V(Al0:9Si0:1) multilayers. Such a tilted configuration
yields a transverse (off-diagonal) TE effect whereby an electric current can flow perpendicularly to the temperature gradient. Appropriately con-
trolling the relative Cu thickness and the tilting angle realizes a higher power factor than that of the parent TE materials. In our multilayers, the
estimated power factor exceeds 8mW=K2 m, being approximately three times higher than that of the parent TE materials. On the basis of the
simulation results, we have fabricated several modules and achieved a maximum power of 4.83mW in the module with a relative Cu thickness
of 0.7 and a tilting angle of 30.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5103226
I. INTRODUCTION
Recently, new types of thermoelectric (TE) modules have been
proposed and fabricated to improve the performance of TE power
generators. Among these, tilted multilayer TE (TMTE) modules
based on the transverse (off-diagonal) TE effect have attracted
much attention because of their advantages over conventional
π-type modules. One of the greatest advantages is that there is no
need for electrodes connecting p- and n-legs in TMTE modules,
which effectively reduces the contact resistance between legs and
the occurrence of mechanical fractures during heat cycles.
Figure 1 is a schematic of a TMTE module consisting of a
metal M and a TE material, with a tilting angle θ. According to the
theory1 described in Sec. II, an electric current can be generated
“perpendicularly” to the temperature gradient. The basic concept of
TMTE modules, using alternate stacks of two dissimilar materials,
was proposed in the mid-1970s.2 Later, several combinations of
metals and TE materials were fabricated and their TE properties
investigated.3–8 Kanno et al.9 developed a cylindrical TMTE
module consisting of (Bi, Sb)2Te3 and Ni as the TE and metallic
materials. Sakai et al.10 optimized this module geometry with a
length of 110 mm and an outer/inner diameter of 14/10 mm
and obtained a maximum power of 7.9W under a temperature
difference of 85 K, with an outer/inner temperature of 10=95 C.
The corresponding power density was p ¼ 2:5 kW=m2. Such a high
power density would provide innovative TE applications using
low-temperature waste heat below 100 C. Triggered by their
achievements, the transverse TE effect have attracted much interest
for various applications.11–15 However, from a mass-production
viewpoint, the constituent elements should be abundant, nontoxic,
and chemically stable. An iron-based full Heusler solid solution,
Fe2V(Al0:9Si0:1), exhibits a power factor
16 (PF) of 56mW=K2 m,
comparable to that of Bi2Te3-based solid solutions around room
temperature. Hence, it is a candidate material for TMTE modules.
Among possible metallic elements (Au, Ag, Al, and Cu), we chose
Cu as a counterpart because of its abundance, a relatively low elec-
trical resistivity and a high melting point above 1300 K, which can
be advantageous to produce the high sintering density with
Fe2V(Al0:9Si0:1). In this study, we design, fabricate, and evaluate TE
properties of modules consisting of the metal Cu and TE material
Fe2V(Al0:9Si0:1).
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II. TRANSVERSE THERMOELECTRIC EFFECT
Figure 1 shows a two-dimensionally homogeneous multilayer.
The TE properties parallel (k) and perpendicular (?) to the layers
are expressed as
Sk ¼
aSM
ρM
þ (1a)STEρTE
a
ρM
þ 1aρTE
, ρk ¼
1
a
ρM
þ 1aρTE
,
κk ¼ aκM þ (1 a)κTE,
(1)
S? ¼
aSM
κM
þ (1a)STEκTE
a
κM
þ 1aκTE
, ρ? ¼ aρM þ (1 a)ρTE,
κ? ¼ 1a
κM
þ 1aκTE
,
(2)
where S, ρ, and κ are the Seebeck coefficient, electrical resistivity,
and thermal conductivity, and the subscripts M and TE, respec-
tively, represent the properties of a metal and a TE material. The
parameter a represents the relative thickness of M in a multilayer
having the thickness tM of the metal and the thickness tTE of the
TE material, with a ¼ tM=(tM þ tTE) ¼ tM=t.
The transverse TE effect appears when the multilayer is titled
by an angle θ around the y axis. The TE properties in such a case
can be formulated as
Axx Axz
Azx Azz
 
¼
Akcos2θ þ A?sin2θ 12 (Ak  A?)sin 2θ
1
2
(Ak  A?)sin 2θ Aksin2θ þ A?cos2θ
0
B@
1
CA,
(3)
where A represents each of the quantities S, ρ, or κ. The
off-diagonal terms, Axz and Azx , become nonzero under tilting, and
hence, an electric current can be generated perpendicularly to the
temperature gradient. The off-diagonal figure-of-merit is
then expressed as ZxzT ¼ S2xzT=(ρxxκzz) ¼ PFxzT=κzz . From
Eqs. (1)–(3), the product ZxzT never exceeds that of the constituent
M and TE materials, but the product PFxz can exceed that of the
constituents if a and θ are chosen appropriately.
III. SIMULATION AND EXPERIMENTAL PROCEDURES
Table I summarizes the TE properties used in the computer
simulation. We assumed a Cu=Fe2V(Al0:9Si0:1) TMTE module that
was 20 mm in length (l), 4 mm in thickness (d), and 4 mm in
depth (w). The hot-side and cold-side temperatures were, respec-
tively, kept at TH ¼ 21 C and TC ¼ 20 C, such that ΔT ¼ 1K.
Copper electrodes with a thickness of 0.1 mm were attached to
both the left and right edges. The potential of the right edge was
fixed at 0, and the left edge was assumed to be equipotential. The
two-dimensional distribution of either temperature or potential
against either a or θ was then simulated via the finite-element
method using the ANSYS software package.
The Fe2V(Al0:9Si0:1) samples were prepared by arc-melting Fe
(99.9%), V (99.9%), Al (99.9%), and Si (99.999%) powders. To
fabricate TMTE modules, fine powders of Cu (99.9%) and
Fe2V(Al0:9Si0:1) were weighed, alternately put into a graphite die,
and sintered using a Fuji Denpa SPS-515S spark plasma sintering
(SPS) apparatus. The sintering was done at 1273 K for 20 min
under 50MPa. After the sintering, the multilayers were cut into the
desired geometry. The microstructure and elemental distribution
were monitored with a JEOL JSM-IT100 scanning electron micro-
scope (SEM) capable of energy dispersive x-ray spectroscopy (EDS).
The fabricated TMTE modules were mounted in a Kotohira
Kogyo KTE-HTA-600D heat tester, and the in-plane electrical
resistivity ρxx was measured using a standard two-point method
under a temperature gradient. The transverse Seebeck coefficient
Sxz was evaluated from the electromotive force under the tempera-
ture gradient, which was monitored with an FLIR T1050 thermo-
graphic camera (resolution: 0.035 K and accuracy: 0.1 K).
IV. RESULTS AND DISCUSSION
Figures 2(a)–2(c), respectively, represent Sxz , ρxx , and PFxz
simulated as functions of θ for different a values; none of the
values depends on the total module thickness. The Sxz values are
highest at θ ¼ 45 for all the a values, and the maximum Sxz value
of 58 μV=K is obtained with the a ¼ 0:3 module. Note that the
S value of Fe2V(Al0:9Si0:1) is negative (see Table I), but all the simu-
lated Sxz values become positive. This is because that S? is always
negative, and its absolute value is larger than that of Sk in the
present combination of Cu and Fe2V(Al0:9Si0:1), and hence, the
difference (Sk  S?) yields positive values for all the a and θ values.
As a result, the Sxz term in Eq. (3) becomes positive.
Contrary to the Sxz behavior, the ρxx values gradually increase
with increasing θ as shown in panel (b); the larger a module exhibits
lower ρxx owing to the large volume fraction of metallic Cu.
Consequently, PFxz has a maximum around θ ¼ 30, and modules
with larger a possess higher PFxz . At θ ¼ 30, the a ¼ 0:9 module
has the maximum PFxz value of 8:7mW=K2 m at θ ¼ 30, which is
approximately 3 times higher than that of bulk Fe2V(Al0:9Si0:1) of
FIG. 1. Schematic of the transverse TE effect in a tilted multilayer consisting of
a metal M and a TE material.
TABLE I. Thermoelectric properties of Cu and Fe2V(Al0:9Si0:1) used for the
simulation.
Substance S (μV=K) ρ (108Ωm) κ (W/Km)
Cu 2.7a 1.7a 401a
Fe2V(Al0:9Si0:1) 125b 533b 13b
aReference 17.
bExperimentally obtained by authors.
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2:9mW=K2 m. To estimate the highest obtainable value of PFxz
in the present Cu=Fe2V(Al0:9Si0:1) TMTE module, we have
calculated the a- and θ-dependences on PFxz in detail using
Eqs. (1)–(3). The highest PFxz value of 14:1mW=K2 m can be
achieved at a ¼ 0:940:95 and θ ¼ 2527. For further higher a
values, the PFxz value steeply decreases.
Figures 3(a) and 3(b), respectively, show the simulated tem-
perature and voltage distributions around the center of a TMTE
module with a ¼ 0:5 and θ ¼ 30. For both profiles, higher (lower)
values correspond to red (blue). The values along the red dashed
lines in panels (a) and (b) are plotted in Fig. 3(c). From (a) and
(b), the voltage (potential) difference is realized almost perpendicu-
larly to the temperature gradient, revealing the transverse TE effect.
Because of the large difference in the thermal conductivity between
M and TE materials, the overall temperature distribution in (a) has
a saw-tooth oscillation with an amplitude of 0:1K near the
center line as shown in (c). In (a), the temperature gradient is not
uniform along the thickness, and the hot (cold) area is slightly
larger at the upper left (lower right). In other words, the tempera-
ture distribution is also tilted. As a result, the voltage at the left
edge of the TMTE module is 0:21mV higher than that at the
right edge. In contrast to the temperature behavior, the voltage
change reflects the magnitude of S, being much higher in the TE
material and almost flat in each Cu layer as seen in (c).
To confirm the tilted temperature distribution in an actual
device and to measure its practical TE performance, we fabricated
several TMTE modules. Figure 4(a) is an image of the fabricated
Cu=Fe2V(Al0:9Si0:1) TMTE module with a tilting angle of 30 and a
relative Cu thickness of 0.9. Panel (b) shows the simulated tempera-
ture distribution under a steady-state heat flow with a temperature
difference of about 30 K (TH  70 C and TC ¼ 40 C), which is
realized from the top left to the right bottom. The size and the
applied temperature difference of the fabricated modules were
slightly different from those of the simulation. However, the overall
temperature distribution, i.e., color distribution, did not change
appreciably as far as TH is below 100 C. Figure 4(c) confirms this
tilted temperature distribution in the actual module. Because the
emissivity of the metallic surface is quite low, we covered the device
surface with carbon spray (the area marked with the white
FIG. 2. Simulated (a) transverse Seebeck coefficient Sxz , (b) in-plane resistivity
ρxx , and (c) transverse power factor PFxz as functions of tilting angle θ for
varying relative Cu thickness a. The dashed line in panel (c) shows the PF of a
bulk Fe2V(Al0:9Si0:1) sample used in this study.
FIG. 3. (a) Temperature distribution, (b) voltage distribution, and (c) plots of
temperature and voltage along red lines in (a) and (b) for the simulated TMTE
module with a ¼ 0:5 and θ ¼ 30.
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rectangle) to ensure the accuracy of the surface temperature. A
tilted temperature gradient similar to that in (b) is realized in the
module shown in (c). The reason why the simulated and monitored
temperature ranges are slightly different is based on the fact that
the actual temperature difference was produced by manually
heating the top and cooling the bottom of the module.
The fabricated TMTE module with a ¼ 0:9 and θ ¼ 30 had the
measured TE properties Sxz ¼ 4:4 μV=K and ρxx ¼ 9:4 108 Ωm,
which are lower than those calculated for Sxz ¼ 34:4 μV=K and
ρxx ¼ 13:0 108Ωm. We confirmed via SEM-EDS that such a low
Seebeck coefficient and electrical resistivity originate from a partial
short-circuit of Cu particles scattered into the thin Fe2V(Al0:9Si0:1)
layers. In Figs. S1(a)–S1(d) in the supplementary material, we present
SEM-EDS images of the TMTE module with a ¼ 0:9 and θ ¼ 30.
Well-defined undulations can be clearly recognized at the interface
in (a), demonstrating that the roughness at the Cu=Fe2V(Al0:9Si0:1)
interface is as coarse as 30 μm. Such a large roughness is mainly
due to a large particle size of 180 μm of Cu powders used. EDS
patterns shown in (b) and (c) represent that some Fe and V appear
to present in the Cu layer. However, most of the bright dots are iso-
lated and can be interpreted as small particles scattered in the Cu
layer after the polishing process. In contrast, some bright dots in
the Fe2V(Al0:9Si0:1) layer are gathered to prove the existence of the
above-mentioned short-circuit of the Cu particles. Scattered Cu
particles in the Fe2V(Al0:9Si0:1) layer can also be recognized in (a).
Currently, we have no alternative fabrication method to eliminate
this problem. We also found that the TMTE modules with thicker
TE layers had negligible contamination of Cu particles. Table II
shows the calculated and measured values of Sxz , ρxx , and PFxz for
TMTE modules with a ¼ 0:7 and 0.5; θ is fixed at 30 for both
modules. Both fabricated modules have slightly lower Sxz and
higher ρxx values to the calculated ones, leading to PFxz values
30%–50% lower than the calculated ones. We first attributed such
discrepancies to the formation of high-resistance layers at the inter-
faces between Cu and Fe2V(Al0:9Si0:1), detected via the SEM-EDS.
However, the contact resistances including those of intermediate
layers were estimated to be of the order of 109 Ωm2 for the
a ¼ 0:5 and 0.7 modules. As the typical contact resistance values
of conventional π-type TE modules18 are 109  107 Ωm2, our
TMTE modules have almost ideal contact resistance, accom-
plished by the direct sintering of Cu and TE materials with SPS.
We consider that the discrepancies between calculated and mea-
sured properties are derived from the Cu and TE materials them-
selves, possibly due to the small deviation from the designed
thickness of Cu and Fe2V(Al0:9Si0:1) layers.
To further investigate the TE performance of the modules, we
applied a temperature difference of about 30 K between the hot and
cold sides and measured the output power. In Table III, we sum-
marize the module size, measured temperature difference ΔT ,
output power P, and estimated output power density per unit cross-
sectional module area, p. The ΔT values are averaged over the ther-
mographic camera images, and the three ΔT values have expected
fluctuations of +1:0. Under a temperature difference of 30K,
both the a ¼ 0:7 and a ¼ 0:5 modules generate an output power of
4–5 mW. The reason why the a ¼ 0:9 module generates substan-
tially lower power is the short-circuit of Cu described in above.
The power densities of 140 150W=m2 for the a ¼ 0:5 and a ¼ 0:7
modules are comparable to those of commercially available Si-based
solar cells. However, they are less than 10% of the power density of
2:5 kW=m2 achieved with a TMTE module for ΔT ¼ 85K.10 Because
the output power is proportional to the square of the temperature
difference, ΔT2, our a ¼ 0:7 module would exhibit a power density of
about 1:2 kW=m2 under a similar temperature difference. Finally, we
evaluated the conversion efficiency η of our TMTE modules using
the module size, ΔT , and P, based on Fourier’s law. The deter-
mined η is 0.016% for both the a ¼ 0:5 and 0.7 modules. The
power density and the conversion efficiency would be further
FIG. 4. (a) Fabricated Cu=Fe2V(Al0:9Si0:1) TMTE module with a tilting angle of
30 and a relative Cu thickness of 0.9. (b) Simulated temperature distribution for
ΔT  30 K. (c) Monitored temperature distribution for ΔT  30 K.
TABLE II. Calculated and measured transverse Seebeck coefficient Sxz , in-plane resistivity ρxx, and transverse power factor PFxz of TMTE modules with different relative Cu
thicknesses for a fixed tilting angle of 30.
Calculated properties Measured properties
a Sxz (μV=K) ρxx (10
8Ωm) PFxz (mW=K2 m) Sxz (μV=K) ρxx (108 Ωm) PFxz (mW=K
2 m)
0.5 40.9 55.2 3.02 34.6 57.5 2.08
0.7 39.2 33.0 4.66 33.0 42.1 2.59
0.9 32.8 12.3 8.76 4.4 9.4 0.21
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enhanced if we could fabricate the a ¼ 0:9 TMTE module without
any short-circuit of Cu particles.
V. CONCLUSIONS
We have simulated the transverse TE effect in multilayers of a
good conductor, Cu, and a potential TE material, Fe2V(Al0:9Si0:1).
On the basis of the simulation, we predict that appropriately con-
trolling the relative Cu thickness and multilayer tilting angle can
achieve a relatively high TE power factor. The highest generated
power is 4.83 mW under a temperature difference of 30 K around
room temperature, corresponding to a power density of about
150W=m2 with a relative Cu thickness of 0.7 and a tilting angle of
30. Although thicker Cu layers are expected to generate a much
higher output power, the adopted sintering process always short-
circuits the Cu particles scattered in the much thinner layers of the
TE material. If we could find a suitable fabrication method other
than sintering, the output power density could be comparable to
2:5 kW=m2, which is that of the best TMTE module.
SUPPLEMENTARY MATERIAL
See the supplementary material for the microstructure and
elemental distributions at an interface of a fabricated
Cu=Fe2V(Al0:9Si0:1) TMTE module with a tilting angle of 30 and a
relative Cu thickness of 0.9.
ACKNOWLEDGMENTS
This work was supported, in part, by a Grant-in-Aid for
Scientific Research (B) (No. 17H03383) from the Japan Society for
the Promotion of Science. The authors thank Ms. Yoshimi Shimizu
for technical assistance. Mark Kurban, M. Sc., from Edanz Group
(www.edanzediting.com/ac) edited a draft of this paper.
REFERENCES
1A. A. Snarskii and L. P. Bulat, in Thermoelectrics Handbook: Macro to Nano,
edited by D. M. Rowe (CRC Press, Boca Raton, 2006), Chap. 45.
2V. P. Babin, T. S. Gudkin, Z. M. Dashevskii, L. D. Dudkin, E. K. Iordanishvili,
V. I. Kaidanov, N. V. Kolomoets, O. M. Narva, and L. S. Stil’bans, Sov. Phys.
Semicond. 8, 478 (1974) [Fiz. Tekh. Poluprovodn. 8, 748–753 (1974)].
3A. Kyarad and H. Lengfellner, Appl. Phys. Lett. 85, 5613 (2004).
4K. Fischer, C. Stoiber, A. Kyarad, and H. Lengfellner, Appl. Phys. A 78, 323
(2004).
5A. Kyarad and H. Lengfellner, Appl. Phys. Lett. 89, 192103 (2006).
6H. J. Goldsmid, Phys. Status Solidi (A) 205, 2966 (2008).
7T. Kanno, S. Yotsuhashi, A. Sakai, K. Takahashi, and H. Adachi,
Appl. Phys. Lett. 94, 061917 (2009).
8C. Reitmaier, F. Walther, and H. Lengfellner, Appl. Phys. A 105, 347 (2011).
9T. Kanno, A. Sakai, K. Takahashi, A. Omote, H. Adachi, and Y. Yamada,
Appl. Phys. Lett. 101, 011906 (2012).
10A. Sakai, T. Kanno, K. Takahashi, H. Tamaki, H. Kusada, Y. Yamada, and
H. Abe, Sci. Rep. 4, 6089 (2014).
11C. Zhou, S. Birner, Y. Tang, K. Heinselman, and M. Grayson, Phys. Rev. Lett.
110, 227701 (2013).
12C. Dressler, A. Bochmann, T. Schulz, T. Reimann, J. Töpfer, and S. Teichert,
Energy Harv. Syst. 2, 25 (2015).
13S. Hou, D. Yuan, G. Yan, J. Wang, B. Liang, G. Fua, and S. Wang, J. Mater.
Chem. C 6, 12858 (2018).
14Y. Tang, B. Cui, C. Zhou, and M. Grayson, J. Electron. Mater. 44, 2095 (2015).
15K. Takahashi, T. Kanno, A. Sakai, H. Tamaki, H. Kusada, and Y. Yamada,
Sci. Rep. 3, 1501 (2013).
16Y. Nishino and Y. Tamada, J. Appl. Phys. 115, 123707 (2014).
17Agne Periodic Table, edited by T. Inoue, S. Chikazumi, S. Nagasaki, and
S. Tanuma (AGNE Technology Center, Tokyo, 2001).
18Z. Ouyang and D. Li, Sci. Rep. 6, 24123 (2016).
TABLE III. Module size, measured temperature difference ΔT , output power P,
power density p, and conversion efficiency η of TMTE modules with different relative
Cu thicknesses a for a fixed tilting angle of 30.
a l  d  w (mm3) ΔT (K) P (mW) p (W=m2) η(%)
0.5 8:0 2:8 3:5 31.6 3.81 136.1 0.016
0.7 9:6 3:2 3:3 30.4 4.83 149.5 0.016
0.9 13:0 2:7 4:2 28.0 0.73 13.4 0.00078
Journal of
Applied Physics ARTICLE scitation.org/journal/jap
J. Appl. Phys. 126, 045108 (2019); doi: 10.1063/1.5103226 126, 045108-5
Published under license by AIP Publishing.
